We examined the effects of synthetic signal peptides from the wild-type, export-defective mutant and its revertant species of ribose-binding protein on the phase properties of lipid bilayers. The lateral segregation of phosphatidylglycerol (PG) in the lipid bilayer was detected through quenching between NBD-PGs upon the reconstitution of signal peptide into the liposome made with the Escherichia coli inner membrane composition. The tendency of lipid segregation was highly dependent on the export competency of signal peptides in vivo, with a decreasing order of wild-type, revertant, and mutant species. The colocalizations of pyrene-PG with BODIPY-PG were also induced by the signal peptides, confirming the phase separation of the acidic phospholipid. The wildtype and revertant signal peptides predominantly formed ␣-helical conformations with the presence of acidic phospholipid as determined by circular dichroism spectroscopy. In addition, they restricted the motion of lipid acyl chains as monitored by fluorescence anisotropy of DPH, suggesting a deep penetration of signal peptide into the lipid bilayer. However, the ␣-helical content of mutant signal peptide was only about half that of the wild-type or revertant peptide with a significantly smaller degree of penetration into the bilayer. An association of the defective signal peptides into the membrane was affected by salt extraction, whereas the functional ones were not. The aforementioned results indicate that the functionality of signal peptide is accomplished through its topologies in the membrane and also by its ability to induce lateral segregation of acidic phospholipid. We propose that the clustering of acidic phospholipid by the functional signal peptide is responsible for the formation of non-bilayer membrane structure, thereby promoting an efficient translocation of secretory proteins.
We examined the effects of synthetic signal peptides from the wild-type, export-defective mutant and its revertant species of ribose-binding protein on the phase properties of lipid bilayers. The lateral segregation of phosphatidylglycerol (PG) in the lipid bilayer was detected through quenching between NBD-PGs upon the reconstitution of signal peptide into the liposome made with the Escherichia coli inner membrane composition. The tendency of lipid segregation was highly dependent on the export competency of signal peptides in vivo, with a decreasing order of wild-type, revertant, and mutant species. The colocalizations of pyrene-PG with BODIPY-PG were also induced by the signal peptides, confirming the phase separation of the acidic phospholipid. The wildtype and revertant signal peptides predominantly formed ␣-helical conformations with the presence of acidic phospholipid as determined by circular dichroism spectroscopy. In addition, they restricted the motion of lipid acyl chains as monitored by fluorescence anisotropy of DPH, suggesting a deep penetration of signal peptide into the lipid bilayer. However, the ␣-helical content of mutant signal peptide was only about half that of the wild-type or revertant peptide with a significantly smaller degree of penetration into the bilayer. An association of the defective signal peptides into the membrane was affected by salt extraction, whereas the functional ones were not. The aforementioned results indicate that the functionality of signal peptide is accomplished through its topologies in the membrane and also by its ability to induce lateral segregation of acidic phospholipid. We propose that the clustering of acidic phospholipid by the functional signal peptide is responsible for the formation of non-bilayer membrane structure, thereby promoting an efficient translocation of secretory proteins.
Targeting of the newly synthesized proteins in the cytoplasm of Escherichia coli is determined by signal peptides attached to the N-terminal end of the mature proteins (1) . Although signal peptides of various secretory proteins have no primary sequence homology, they all have common structural features such that they are composed of 15-30 amino acid residues with three characteristic regions: a positively charged N-terminal region, a stretch of hydrophobic core, and a few polar residues that follow the hydrophobic core (2) . In the translocation pathway signal peptides are recognized by the export machinery (for review, see Ref.
3) guiding the precursor to the membrane (4) and at the same time modulating the translational folding of precursor proteins to maintain their export-competent conformation (5) . Although the signal peptides are implicated in many steps of the secretion pathway, the critical role for signal peptide still waits to be elucidated.
Recently, evidence supporting the translocation of secretory proteins via proteinaceous pores in membrane have been presented (for review, see Ref. 6) . In addition, during secretion signal peptides are known to associate with various protein components of the translocation system, such as SecB (7), Ffh (8), SecA (9) , and the integral SecYEG complex (10) . On the other hand, previous studies have shown that the direct interaction of signal peptides with membrane lipids is important in the translocation process (11) (12) (13) , although the mode of interaction by signal peptides with the lipid phase is largely unknown. A hypothesis was proposed that the positively charged N terminus enables the signal peptide to bind to anionic phospholipid headgroups, inserting its hydrophobic core into bilayer with the aid of acidic lipid (14 -16) . The insertion of signal peptide into membrane is accompanied by a formation of helixbreak-helix motif (17) , presumably forming a non-bilayer lipid structure as with model membranes (18) . The change in membrane structure by signal peptide appears to rely on its competence to export in vivo, because the non-functional signal peptide failed to destabilize the bilayer structure. Moreover, it was demonstrated that the property of forming a non-bilayer structure of the membrane is essential for an efficient protein transport across the plasma membrane of E. coli (19) . Consistent with this result, recent data indicate that non-bilayer lipids (and their structures) stimulate the activities of the SecA (20) and SecYEG complexes (21) . However, it is still unclear how signal peptides induce the formation of a non-bilayer structure.
The export-defective form of ribose-binding protein (RBP) 1 1 The abbreviations used are: RBP, ribose-binding protein; PG, phosphatidylglycerol; BODIPY-PG, 2-(4,4-difluoro-5,7-dimethyl-4-bora-
; PE, phosphatidylethanolamine; P/L, peptide/lipid; TFE, 2,2,2-trifluorotehanol; WT, wild-type; MT, export-defective mutant.
and its revertant were isolated from E. coli by genetics and further characterized either in vivo or in vitro (22) (23) (24) (25) (26) . The structures of signal peptides from the wild type, mutant, and revertants were determined using CD and NMR (23, 24) , indicating that the functional and nonfunctional signal peptides were distinguished by their ␣-helical contents in a membranelike environment (TFE). A similar study was performed for other signal sequences of secretory protein (27, 28) . We further demonstrated that both the proper length and the stability of the helix are critical in the function of signal peptide. Here, we provide evidence that the functional and nonfunctional signal peptides have different effects on the phase property of phospholipids when reconstituted into model membranes. Lateral segregations of PG, a major anionic phospholipid of the E. coli inner membrane, were detected by signal peptides, which were correlated with their export competency. From these results, we propose that signal peptide-induced clustering of acidic phospholipid is responsible for the formation of a non-bilayer structure of the membrane.
EXPERIMENTAL PROCEDURES
Materials-All phospholipids and NBD-PG were purchased from Avanti Polar Lipids (Birmingham, AL) and used without further purification. DPH and pyrene-PG were purchased from Molecular Probes (Eugene, OR). BODIPY-PG was synthesized and purified from 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphate by HanChem Inc. (Taejon, Korea). The lipids were stored as chloroform solutions under argon at Ϫ20°C. All other chemicals were of the highest grade commercially available.
Synthesis and Purification of Peptides-The RBP signal peptides were synthesized and purified as previously described (23, 24) . The K 5 W(AL) 10 transmembrane peptide was chemically synthesized by PepTron Inc. (Taejon, Korea). These peptides were purified by reverse phase high performance liquid chromatography using a Phenomenex W-porex C 8 column (300 ϫ 10 mm, 10 m). Elution was performed with a water-acetonitrile linear gradient containing 0.1% trifluoroacetic acid. The stock solutions were prepared by dissolving the lyophilized peptides in 100% Me 2 SO. The concentrations of stock solution were determined by quantitative amino acid analysis. Molecular weights of the purified peptide were confirmed using matrix-assisted laser desorption ionization (Kratos Kompact MALDI II).
Preparation of Vesicles Containing the Reconstituted Signal Peptides-To investigate the interaction of signal peptides with liposomes, we used the following reconstitution method. Phospholipids dissolved in chloroform were mixed to give an appropriate molar ratio. The solvent was evaporated under a stream of argon gas. The dry lipids were hydrated in buffer A solution (25 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM Na-EDTA, and 1% CHAPS) containing signal peptides diluted from Me 2 SO stock solution. The mixtures were dialyzed for 72 h against an excess volume of buffer B (buffer A without CHAPS) at 4°C. The resulting peptide-liposome complexes were pelleted by centrifugation at 100,000 ϫ g for 30 min at 4°C and washed with buffer B or with buffer C (buffer B with 1 M KCl, salt-extraction step) twice to remove unreconstituted peptides. After centrifugation (100,000 ϫ g for 30 min at 4°C) the pellets were resuspended with buffer B and dialyzed against buffer B for 4 h at 4°C. The formation of the peptide-liposome complex was monitored using light scattering. During dialysis against buffer B, some portion of the sample was collected as a function of time, and the emission values at 450 nm were measured with the same excitation wavelength. After reconstitution, each concentration of peptide and phospholipid was measured to determine the peptide/lipid (P/L) molar ratio. Except for measuring the reconstituted amount of signal peptides into liposomes, all experiments were undertaken using samples without the salt extraction step.
Vesicles of mixed lipid composition of E. coli PE/DOPG (60:40, by molar ratio) were used as a standard liposome throughout these investigations. To prepare vesicles containing extrinsic fluorophores such as pyrene-, BODIPY-, or NBD-labeled phospholipids, 1 mol% pyrene-PG, 1 mol% BODIPY-PG, or 10 mol% NBD-PG was incorporated into liposomes instead of normal PG. To measure fluorescence anisotropy (A), 0.5 mol% DPH was included in liposomes. The concentrations of nonfluorescent phospholipids were determined by phosphorus assay (29) . The concentrations of fluorescent probes were determined spectrophotometrically at 342 nm using 38,000 cm Ϫ1 for pyrene-PG, at 350 nm using 88,000 cm Ϫ1 for DPH, at 465 nm using 22,000 cm Ϫ1 for NBD-PG (and NBD-PE), and at 500 nm using 80,000 cm Ϫ1 for BODIPY-PG as the molar extinction coefficients.
Circular Dichroism and Fluorescence Spectroscopy-CD spectra were obtained on a Jasco J-715 spectropolarimeter with a Neslab RTE-210 temperature controller. After reconstitution of peptides into liposomes, the peptide-vesicle complex was sonicated briefly with a Branson Sonifier 450 and measured. Either a 1-or 0.2-mm path length quartz cell was used for the measurements depending on the peptide concentrations. The final spectrum was the average of multiple scans. The baseline was corrected and smoothed by a noise reduction function.
Fluorescence Measurements-Fluorescence was monitored with a Shimadzu RF-5301 PC spectrofluorometer equipped with a thermostatted cuvette compartment maintained at 30°C except for the measurement of anisotropy. The emission fluorescence of NBD-PG was measured at 534 nm with an excitation wavelength of 465 nm using a 500 nm cutoff filter. When the excimer and monomer fluorescence of pyrene-PG were measured the excitation wavelength was 342 nm, and the emission was in the range of 360 -500 nm. To determine the colocalization of fluorescent probes, the excimer fluorescence intensities of pyrene-PG were measured at 475 nm in the presence and absence of BODIPY-PG. To prevent the excimer fluorescence quenching effect by oxygen, the buffer solution was saturated with argon gas for more than 1 h before use. Anisotropy was measured using an 8100 Series 2 spectrofluorometer (SLM-AMINCO) equipped with Glan-Thompson calcite prism polarizers in L format. The anisotropy values were calculated according to Equation 1 .
I ʈ and I Ќ are the intensities measured with polarizers parallel and perpendicular to the vertically polarized exciting beam, respectively. Light scattering was subtracted by using reference samples without DPH.
RESULTS

Lateral Segregation of Phosphatidylglycerol Induced by Signal Peptide-
The fluorescence of NBD-labeled phospholipids is subject to self-quenching, providing a basis for detecting phospholipid association in the membrane (30, 31) . Using this property, we tested the possibility that signal peptides induce phase separation of acidic phospholipid. The reconstitution of signal peptides into membrane containing 10% NBD-PG resulted in various degrees of fluorescence quenching, depending on their in vivo export competency (Fig. 1A) . The wild-type signal peptide (WT) showed the largest effect on quenching, bringing about a 12% decrease in NBD fluorescence as compared with the one without peptide. In contrast, the export-defective mutant (MT) had little effect on quenching. The revertant signal peptides, SF and TI, as shown in Table I , showed an approximate 7-8% decrease in fluorescence, which is much higher than that of the mutant. This suggests that the functional signal peptide promotes the phospholipid clustering in lipid bilayers, thereby inducing the formation of domains enriched with PG. To confirm the phase separation of phospholipids by signal peptides, we carried out the same experiment in the presence of 10% NBD-PE instead of NBD-PG. Although the amounts of quenching, approximately 5-7% for the WT, SF, and TI peptides (Fig. 1B) , were generally reduced relative to the values for NBD-PG (Fig. 1A) , the quenching by mutant peptide was essentially unchanged. As a control, we used an amino acid sequence of K 5 W(AL) 10 reported as an idealized transmembrane peptide (32) . Although this peptide is known to be integrated into the lipid bilayer with its positively charged residues, there was no significant influence on the change of NBD fluorescence. Therefore, it is likely that either positively charged residues or peptide insertion into membrane is not sufficient for the lateral separation of lipid phase. Interestingly, the phase separation of phospholipid by functional signal peptide shows a similarity to that of calcium (Fig. 1C) , as suggested previously (20), implying that the specific binding of the peptides to PG molecules occurs first, and subsequently the PG domains are formed in the membrane.
To ascertain the possibility that functional signal peptide causes the phase separation of PG, we observed the resonance energy transfer between pyrene-PG and BODIPY-PG described previously (33) . The quenching efficiency (F/F o ) was determined as a function of signal peptide concentration reconstituted into liposomes, where F and F o are the intensities of excimer emission of pyrene-PG measured in the presence (F) and absence (F o ) of the quencher (BODIPY-PG), respectively. As expected, the result was similar to the one with NBD in terms of quenching (Fig. 2) ; the efficiency of quenching was most effective with wild-type signal peptide and less effective with revertants. However, the mutant and K 5 W(AL) 10 peptides had no apparent effects on the colocalization of two fluorescence phospholipids. These results demonstrate that the functional and nonfunctional signal peptides are different in their properties of phase separation. The extent of lateral segregation of acidic phospholipids seems to correlate with the export competency of signal peptides in vivo.
Conformation of RBP Signal Peptides in Lipid Vesicles-To find the relationship between the phase separation of phospholipid and structures of signal peptides, the conformations of signal peptides from wild type, revertants, and mutant RBPs were determined by CD after reconstitution into the liposomes with E. coli PE/DOPG (60:40 molar ratio). The possibility of forming an oligomer by the peptide alone was eliminated by measuring the CD spectrum for peptides without vesicles. We found that all of the signal peptides are in a state of random coil with concentrations below 100 M, whereas a distinct change in the spectra occurs at higher concentrations (Fig. 3A) . Therefore, the concentrations of peptides for subsequent experiments were kept below 100 M.
When the peptides interact with liposomal membranes a substantial change in secondary structure is observed (Fig.  3B) . The lipid vesicles used here are the small unilamellar vesicles of E. coli PE/DOPG whose composition is similar to that of the E. coli inner membrane. The most prominent structure seen is ␣-helix. The spectra for WT, SF, and TI show distinct double minima in the vicinities of 222 and 208 nm. The helix contents of WT, SF, and TI were 67, 60, and 54%, respectively, calculated by the curve-fitting method (Table II) . It is noted that the structure of the mutant signal peptide in vesicle is quite different from that of the wild type and revertants. An increase in ␣-helical content is about half that of the wild type/revertant, with a significant increase in ␤-structure (Table  II) . The lower amount of ␣-helix in the mutant is in good agreement with the previous data obtained in aqueous TFE solution used as a membrane-mimetic environment (23, 24) , while the formation of a significant amount of ␤-sheet is extraordinary. In any case, it is obvious that wild-type, mutant, and revertant peptides have different secondary structures compared with one another in the membrane, which may account for their differential function on lateral clustering of acidic phospholipid. However, the propensity to form an ␣-helix (and/or other secondary structure) in the membrane might not be a major factor for the signal peptide-induced phase separation of phospholipid considering that membrane-bound K 5 W(AL) 10 , containing the largest amount of ␣-helix (about 72%) among the tested peptides, had no effect on the lateral segregation of phospholipids.
Amounts of Signal Peptides Reconstituted-To determine whether the membrane binding of signal sequence during reconstitution depends on the export-competency of the peptides, we measured the amount of signal peptide that remained in liposomes after reconstitution, which is plotted as a function of the peptide/lipid molar ratio. As shown in Fig. 4 , all of the signal peptides and K 5 W(AL) 10 had a similar capacity to be incorporated into the lipid bilayer during formation of the b The two revertant signal peptides, SF (L9P, S11F) and TI (L9P, T8I), function as intragenic supressors of the L9P mutant, and they recover the secretion ability of RBP significantly (25) . peptide-liposome complex. This process was independent of their in vivo function and the P/L molar ratio (filled symbols). However, the salt-washing procedure (1 M KCl) significantly decreased the reconstituted amount of MT when compared with the functional signal peptides of WT, SF, TI, and K 5 W(AL) 10 , which were resistant to this treatment (open symbols). From these results we concluded that a charge interaction between acidic phospholipid and MT peptide is mainly responsible for the peptide binding to membrane, whereas other factors, including hydrophobic force, are additionally required for the binding of functional signal peptides. This result also suggests that the mutant peptide resides on the membrane surface, whereas the WT, SF, and TI peptides penetrate into the lipid bilayer by interacting with membrane. However, we cannot exclude the possibility that encapsulation of signal peptides, instead of binding/insertion into vesicles, which is dependent on their conformations, may influence the amount of reconstitution.
Effect of the Signal Peptides on Anisotropy of DPH-The effect of the peptides on the motion of the lipid acyl chain was examined by measuring steady-state anisotropy of DPH. The experiments were performed to assess whether the signal peptides of RBP restrict motion of the probe after being inserted into the region of fatty acyl chains. Previously, DPH had been incorporated into E. coli PE/DOPG LUV (large unilamellar vesicle) to monitor the fluidity of the membrane (34) . An increase in anisotropy implies a restrained motion of the fatty acyl chain caused by an insertion of membrane protein (35) . It was reported that insertion of the functional OmpA signal peptides induced a marked increase in DPH anisotropy in bilayers, while nonfunctional mutants showed virtually no effect (28) .
As shown in Fig. 5 all of the tested peptides increased DPH anisotropy, which is proportional to their concentration. Above all, the level of increases in the wild type and two revertants (SF and TI) is much higher than in the mutant (MT) and positive control (K 5 W(AL) 10 ). This indicates that WT, SF, and TI bind to vesicles more strongly and/or more easily insert into the bilayer than MT, as in the cases of the OmpA and LamB signal peptides (27, 28) . Again, the degrees of DPH anisotropy depended upon the functionality of signal peptide. Further- more, functional signal peptides restrict the motion of acyl chains of lipids to a much higher degree than the positive control peptide, although their capacities to be reconstituted into membrane are the same (Fig. 4) , indicating that interactions of the WT, SF, and TI peptides with phospholipids are specific. This result, together with the data on the reconstitutions of signal peptides, suggests that translocation competence rather than simple incorporation of peptide into lipid bilayer is responsible for an efficient lipid ordering and the lateral segregation of phospholipids.
DISCUSSION
Previously we presented evidence that there is a correlation between the ␣-helix-forming propensity of RBP signal peptides in TFE solution and the translocation efficiency of the corresponding precursor proteins (23, 24) . In the present investigation we observed the effect of signal peptides on the phase property of a membrane using extrinsic fluorophores as phospholipid-mimic probes. The functional signal peptides, WT, SF, and TI, when reconstituted into a lipid bilayer, decreased NBD fluorescence by quenching and enhanced fluorescence resonance energy transfer (FRET) between pyrene and BODIPY probes. Nonfunctional mutant peptide showed little effect on the fluorescence. Although the mechanism underlying the sequestration of the phospholipid-mimic probes by peptides was not provided, it is likely that the signal peptides form a direct complex with fluorophore-labeled phospholipids and/or normal phospholipids, secluding the extrinsic probes into a separated region of the membrane. Since the probes carry the bulky fluorescent moieties, it should further be proved that they do not hamper the normal phase behavior of phospholipids in the bilayer. In any case, our data strongly favor the phase separation of phospholipids by signal peptides.
It seems probable that the ability to form a secondary structure in the lipid bilayer is critical to the function of signal peptides when considering the fact that the functionality of the signal peptides correlates with their ␣-helix-forming propensity in lipid vesicle. Previously we showed that the extents of ␣-helical regions in wild type and the revertant peptides were about the same as determined by NMR (23, 24) . Here we observed an intermediate level of helicities between those of wild type and mutant by CD in the revertant peptides, and the same is true for the data on anisotropy. Therefore, we inferred that the stability of secondary structure itself is perhaps important in the penetration into membrane as well as its function in phase separation. However, the lack of phospholipid segregation in the K 5 W(AL) 10 peptide indicates that the net positive charges, an ability to incorporate into membrane, and an ␣-helical content are not sufficient for this process. It should also be emphasized that the profile of peptide-induced lateral segregation of PG is similar to that of calcium. Calcium does not seem as efficient as the reconstituted peptides, because almost 1 mM concentration is required for quenching the NBD fluorescence. Regardless of the difference in quenching efficiency between signal peptide and calcium, their mechanisms for inducing phase separation might be the same as reported previously (36, 37) .
Throughout the experiments, we used reconstitution to investigate the change of phase properties induced by signal peptides. This was because we were not able to measure fluorescence just by mixing peptides with liposomes. Peptide   FIG. 4 . The reconstituted amounts of signal peptides. After completion of reconstitution, some portion of the peptide-vesicle complex was taken, and the percent concentration of peptide was determined at a function of the P/L molar ratio. The amount of signal peptides was fixed in all samples, and the concentration of phospholipids varied during reconstitution. The reconstitution process was undertaken in the absence (filled symbols) or presence (open symbols) of the salt-extraction step as described under "Experimental Procedures." Each symbol represents WT (circle), SF (rectangle), TI (triangle), MT (triangle down), and K 5 W(AL) 10 (diamond).
TABLE II Secondary structure estimation of RBP signal peptides
The data were obtained by curve fitting to the reference spectra based on five proteins, myoglobin, lactate dehydrogenase, lysozyme, papain, and ribonuclease (42) . The average S.E. in curve fitting was Ϯ 3%. The values in parentheses were calculated from CD spectra obtained in the 10 mM sodium phosphate buffer (pH 7). The others were from the spectra obtained in the presence of standard liposomes at a molar ratio of lipid to peptide of 100:1. 10 72 (32) 9 (20) 11 ( caused an aggregation of vesicles, which was measured at the tested range of the P/L molar ratio by 90°light scattering. Currently, we do not have an explanation for the reconstituted signal peptides without a perturbation in lipid bilayer such as fusion, aggregation, and/or leakage. We presume that the binding/insertion of signal peptides results in the accumulation of local defects in the structure of lipid bilayers in both cases of reconstituted and externally added peptides. However, the defects become more severe in the case of externally added peptides when the peptide concentration is higher, thereby causing membrane perturbation as previously suggested (28, 38) . The sequestering of PG into crystalline domains in the E. coli PE/ DOPG membrane may allow the remaining PE molecules to adopt the H ʈ phase as demonstrated previously with calcium in the PE/phosphatidylserine (39), PE/cardiolipin (40) , and PE/PG bilayer systems (36, 41) .
